A adição de Michael entre o acetoacetato de etila 1 e a chalcona 2, sob condições de Catálise de Transferência de Fase Sólido/Líquido (CTF-SL), sem solvente, produziu o aduto de Michael 3 e o composto cíclico 4, com bom rendimento. O composto 4 foi obtido majoritariamente via um processo de anelação do aduto de Michael 3. A proporção de 4 na razão 3/4 foi dependente da estrutura do cátion de amônio quaternário. Os resultados foram interpretados com base na organofilicidade e acessibilidade dos catalisadores e invocando-se um estado de transição cíclico de 6 membros, para a formação de 4, associado ao grau de quelação com Q + .
Introduction
Annulation, derived from the Latin word annulatus (ringed) means "the formation of ring". In organic chemistry this term is used to describe the process of building a ring onto a pre-existing system, cyclic or noncyclic. The added ring may be of any size, although 5-and 6-membered rings are most commonly formed. This broad definition includes in a general sense many reactions that are not normally thought of as annulation reactions, such as Diels-Alder reactions, acid-catalyzed polyolefinic ciclizations, photochemical, radical, and thermal cyclizations. The methods of annulation have proved themselves to be invaluable aids to synthetic chemists in the syntheses of such complex natural products as steroids, terpenes, and alkaloids. 1 The Michael reaction, the addition of a stabilized carbon nucleophile to an eletrophilic C=C bond, is a classical reaction for very good reasons. It is a carboncarbon and a carbon-heteroatom bond-forming reaction; it is catalyzed by a large number of acids, bases, and transition metals; it is completely atom-economical; most of the functionalities of the starting materials are preserved in the products; the starting materials are readily available or are easily prepared. For these reasons, both the intermolecular and intramolecular variants of the Michael reaction are very prominent among methods used for preparing ring systems found in a wide variety of natural products. 2 Stereochemical and mechanistic aspects of this classical reaction have been the object of intense investigation, mainly focused on the direct addition of enolates or stabilized carbanions.
3 Regio-, enantio-and diastereoselectivity of the phase transfer catalyzed version of this type of reaction is well documented. 
Results and Discussion
Herein, we wish to report a study of the influence of the quaternary ammonium cation structure on the annulation process which occurs in the Michael addition of ethyl acetoacetate (donor) 1 to chalcone (acceptor) 2 under Solid/Liquid Phase Transfer Catalysis (SL-PTC), solvent free. This reaction afforded Michael adduct 3 and an annulation product 4, the later formed via intramolecular cyclization of the Michael adduct 3, Scheme 1.
The present report is divided into two parts: the first part deals with variation of the reaction parameters, to optimize product yield, 3 plus 4; the second is dedicated to a study of the influence of catalyst structure in the 6-membered annulation reaction by analyzing the ratio of 3/4.
Part one: optimization of reaction conditions 1,4-Addition of 1 to chalcone 2. In order to evaluate the influence of the addition of a quaternary ammonium salt, the ratio of donor/acceptor and the temperature on the rate of reaction, ethyl acetoacetate 1 was reacted with chalcone 2, at 60 o C or room temperature, ratio of donor/ acceptor 6:1 or 1:1, solvent free, in the presence or absence of triethylbenzylammonium chloride (TEBAC) and using catalytic amount of KOH as base (Table 1) .
A detailed monitoring of the catalyzed reaction demonstrated that no more than 15 min were necessary to afford 3 plus 4 in 98% yield ( Stereochemistry of 3 and 4. The optimized reaction of 1 to chalcone afforded compound 3 as a diastereoisomeric mixture (d.e. 70 %), which we did not managed to separate by column chromatography. The relative stereochemistry of the major isomer 3a was inferred based on the analysis of the 1 H NMR spectra of 4, as it was obtained by an intramolecular ciclization of 3a. The coupling constant of 12.0 Hz obtained for the hydrogens of the two stereogenic centers of 4 suggested for both an antiperiplanar relationship. Thus, the diastereoisomers 3a and 3b show anti and syn relative configuration, respectively (Scheme 1). It should be mentioned that compound 4 was isolated as single diasteroisomer. To the best of our knowledge, there is no report in the literature about diastereoisomeric ratio as well as relative stereochemistry discussion of the aforementioned compounds.
Part two: study of the influence of catalyst on the ratio 3/4
During the monitoring of the Michael addition of 1 to chalcone 2, we observed that the cyclic product 4 was formed in greater quantity in comparison to Michael adduct 3 ( Table  1 , entries 1-7). Moreover, it was possible to observe that the proportion of 4 in the ratio of 3/4 depends on the temperature (Table 1 , entries 7 and 8), ratio of donor/acceptor (Table 1 , entries 4 and 7) and presence of catalyst (Table 1 , entries 4 and 6), as well as a combination of the aforementioned parameters. In order to account for these results, each reaction condition was separately analyzed.
Presence of catalyst. Scheme 2 illustrates the role the catalyst plays in the reaction. The products 3 and 4 are formed as follow: (i) The acid-base reaction of ethyl acetoacetate 1 and hydroxyl ion affords the ionic pair 5 (K + enolate) by an interfacial process; (ii) in the interphase, the quaternary ammonium salt (Q + Cl -) promotes an ionic exchange converting 5 into 6, which is transferred to the organic phase; (iii) in the organic phase, the enolate 6 reacts with chalcone 2 giving the Michael adduct enolate 7; (iv) the Michael adduct enolate 7 removes the acidic hydrogen from ethyl acetoacetate 1 producing the Michael adduct 3 and forming again the enolate 6; (v) in the organic phase, the ion pair 6 removes the acidic hydrogen from Michael adduct 3 leading to the enolate-adduct 8 which undergoes the cyclization process leading to product 4.
It was observed that for the catalyzed reaction using ratio of donor/acceptor 6:1 and temperature of 60 o C, the ratio 3/4 remains very similar (~1:3.5, Table 1 , entries [1] [2] [3] [4] . On the other hand, at the same conditions but in the absence of catalyst, the proportion of 4 in the ratio 3/4 is higher than the catalyzed reaction (1:8.5, Table 1 , entry 6). Thus, the cyclization process seems to be relatively more efficient for the uncatalyzed reaction. This result suggests a transition state in the formation of 4 (Figure1) which involves the participation of cations Q + and K + . The main feature of this proposed transition state is the coordination of two oxygen atoms with the quaternary ammonium cation Q + or K + forming a stable 6-membered ring. Thus, we can propose that chelation is more favorable with a small cation as K + as compared to a bulky one, Q + . As a consequence, the annulation process should occur more effectively in the uncatalyzed reaction (Table 1 , entries 4 and 6). On the other hand, it seems reasonable to suggest that the catalyst function in the formation of product 3 seems to be restricted to increase the rates of reaction in the following ways: (i) transference of enolate 6 from an interphase to an organic phase and (ii) reaction of 6 with chalcone 2, culminating in an enhanced global rate of reaction, Scheme 2.
Ratio of donor/acceptor. The analysis of data of Table  1 shows that when the reaction was conducted with excess of donor (entry 4), the proportion of cyclic product 4 in the ratio 3/4 was lower as compared to reaction using stoichiometric amounts of donor/acceptor (entry 7). A reasonable explanation for this result is based on the Vol. 16, No. 5, 2005 competition between the donor 1 and Michael adduct 3 for reaction with the base. The excess of 1 in the reaction increases the formation of enolate 6 which leads to Michael adduct 3, Scheme 2.
Temperature. At 60 o C, the thermodynamically more stable cyclic product 4 is favored. Thus, a higher proportion of 4 in the ratio 3/4 is obtained when the reaction is conducted under optimal conditions (Table 1, entry 7). In this case, the parameters of ratio of donor/acceptor and temperature seem to act with synergism to produce 4 as the major product.
Influence of catalyst structure. Using the optimal conditions to obtain 3 plus 4 in a maximum global yield, the performance of five ammonium salts as catalysts was compared, Table 2 . The highest yields were obtained with the catalysts TEBAC and TBAH ( Table 2 , entries 1 and 2), followed by Cetrimide ® ( Table 2 , entry 3), Aliquat ® 336 and CBTA (Table 2 , entries 5 and 4). These results were interpreted on the basis of the organophilicity and accessibility properties of the ammonium salts.
It is well known that the catalyst efficiency increases with increases of the catalyst organophilicity due to high concentration of catalyst in the interphase and organic phase. In this case, the nucleophile is properly transferred from the interphase to the organic phase. On the other hand, an extremely organophilic catalyst exhibits a lower concentration in the interphase. It remains mainly in the organic phase resulting in an inefficient transfer of nucleophile from interphase to organic phase. 5 The accessibility of catalyst is directly related to an open-faced structure of the quaternary ammonium cation. The nitrogen of a quaternary ammonium cation is considered increasingly acessible as the chains of the quaternary ammonium cation are shorter with particular significance to the shortest alkyl chain. As the alkyl chains of the quaternary ammonium cation decrease in size the charge density on the quaternary cation is higher and the positive charge on the quaternary cation can eletrostatically interact more closely with the nucleophile. A quantitative parameter for characterizing accessibility, termed q, is simply the sum of the reciprocals of the lenght of the linear alkyl chains attached to the central nitrogen of the quaternary ammonium cation: q = 1/C# 1 + 1/C# 2 + 1/C# 3 + 1/C# 4 , where C# is the number of carbon atoms in each of the four alkyl chains in the quaternary cation. 5 The accessibility values (q) for the catalysts used in this report are summarised in Table 2 . Thus, the TEBAC and TBAH containing 13 and 16 carbon atoms, respectively, can be considered catalysts with a reasonable organophilicity and accessibility to promote an efficient transfer of the donorenolate 6 from the interphase to the organic phase, Scheme 2. The catalyst CBTA (19 carbon atoms) exhibits moderate organophilicity but a low accessibility, decreasing the transfer of 6 to organic phase. Although Aliquat ® 336 (25 carbon atoms) shows a reasonable accessibility, it is extremely organophilic. The Cetrimide ® (19 carbon atoms) showed an intermediate efficiency, with a moderate organophilicity and a high acessibility (Table 2, entry 3).
As Table 2 shows, the proportion of 4 in the ratio 3/4 decreases as follows: TEBAC (9) > TBAH (3) > Cetrimide ® (2) . Moreover, in the presence of catalysts CBTA and Aliquat ® 336, the selectivity has changed to the Michael adduct 3 as the major product in a proportion of 2 and 24, respectively ( Table 2 , entries 4 and 5). These results can be explained by invoking the 6-membered ring transition state in the formation of cyclic product 4, Figure 1 . Thus, the tighter the chelation with Q + , the more stable the transition state culminating in a greater quantity of 4. In this case, the best catalyst to produce compound 4 was TEBAC ( Table 2 , entry 2). It seems reasonable to suggest that each ethyl group attached to the nitrogen atom is properly short in size to possess an ideal distance separating cation from anion as well as an adequate positive charge density on this central atom ensuring a tight chelation. In addition, a π-π interaction between the benzyl group of the catalyst and a phenyl group of substrate can provide an extra stabilisation for this transition state, as illustrated in Figure 2 . For TBAH, the butyl group is greater in size developing lower positive charge density on nitrogen and without any extra stabilisation. Furthermore, it is possible to suggest that the greater length of the butyl groups is responsible for increasing the distance between the cation and the anion decreasing the level of chelation. Likewise, a greater decrease in the proportion of 4 when CTAB was used can be attributed to the presence of the long hexadecyl chain. As can be seen, the longer alkyl chain in the quaternary ammonium can provide less positive charge density on the nitrogen and longer distance between the ammonium cation and anion. It culminates in a weak chelation and therefore a more unstable transition state. The three octyl chains in the Aliquat ® 336 seem to be evidence for this proposal. In this case, lower stability of the transition state is responsable for a change in the product distribution where Michael adduct 3 is obtained in the majority (Table 2 , entry 5). Finally, the instability of the transition state caused by the use of CBTA ( Table 2 , entry 4) could be due to the difficulty to promote an efficient chelation related to the size of the butyl chains. In this case, the transition state depicted in Figure 2 , which evocates an adequate π-π interaction between the benzyl group of the catalyst and a phenyl group of the substrate is not favored.
In summary, we have demonstrated that, after variation of the reaction parameters, compounds 3 plus 4 could be obtained in good yield by Michael addition of ethyl acetoacetate to chalcone via phase transfer catalysis. In addition, based on the stability of a 6-membered cyclic transition state influenced by the structure of ammonium cation, we have devised an explanation for the product distribution in the annulation process.
Experimental
General NMR spectra were recorded on a Bruker DRX 500 spectrometer operating at 500 MHz for proton and 125 MHz for 13 C. IR spectra were run on a Perkin-Elmer 1000 FT-IR spectrometer using KBr pellets. Melting points were determined on a Mettler FP5 apparatus and are uncorrected. Gravity column chromatography was performed on Merck Kieselgel 60 (70-230 mesh).
General procedure for the Michael addition of ethyl acetoacetate 1 to chalcone 2
A mixture of ethyl acetoacetate (23 or 3.8 mmol), chalcone (3.8 mmol) , KOH (2.3 or 0.38 mmol) and tetraalkylammonium salt (2.3 or 0.38 mmol), solvent free, was vigorously stirred by a mechanical stirrer at 60 o C or room temperature in reaction time that varied from 15 min to 4 h. The reaction mixture was diluted with chloroform (30 mL), the organic extract was treated with water, and then dried over anhydrous sodium sulfate. After removal of solvent, under reduced pressure, the crude product was purified by column chromatography using a gradient of polarity with hexane, hexane:acetone 1%, 2%, 10%, 20% and acetone to yield products 3 and 4.
Ethyl 2-acetyl-3,5-diphenyl-5-oxopentanoate (3) IR ( 198.4, 168.5, 141.0, 137.3, 133.5, 128.9, 128.8, 128.6, 128.5, 127.5, 65.9, 61.8, 43.1, 40.1, 30.0, 14.1; minor (3b): δ 202.2, 198.0, 169.2, 140.9, 137.3, 135.5, 129.0, 128.8, 128.6, 128.5, 127.5, 65.2, 62.1, 43.3, 41.1, 30.3, 4, 169.6, 148.8, 143.8, 129.4, 129.2, 128.5, 127.9, 127.7, 125.5, 63.3, 60.8, 54.1, 46.6, 43.4, 14.5. 
